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is believed to takeplace in ametastable tetragonal phase. If
the f lm is not capped, a partial transformation into the
monoclinic phaseoccurs. In thepresenceof acap, theshear-
ing of the unit cell ismechanically inhibited and a transfor-
mation into the orthorhombic HfO2 Pbc21 phase may take
place(Fig.5).
The exact origin of the antiferroelectric behavior is not
clear. Thepotentially antiferroelectric natureof ametastable
tetragonal phase in ZrO2 was suggested earlier.13 This form
is isostructural to thehigh temperature tetragonal phase, but
with a lower c/a ratio close to 1, and has also been reported
indopedHfO2.16 Thedoublehysteresis canbeexplainedby
f eld inducedphase transformations close to the ferroelectric
transition,asobserved inrelaxor ferroelectrics.17,18
A major role of SiO2 in this system is to increase the
crystallization temperatureof Si:HfO2, favoring acontrolled
crystallization after capping. A secondary role of SiO2 is
reducing the stability of themonoclinic phase.4 Considering
the low level of doping, SiO2 is not an active component of
the ferroelectric phase. Due to the similarity to HfO2, we
expect that ferroelectric behavior occurs in ZrO2 based thin
f lmsaswell.
Inconclusion,wehavereportedevidencefor theforma-
tionof ferroelectric andantiferroelectric crystallinephasesin
SiO2 doped HfO2 thin f lms. Based on XRD measurements
and analogies to Mg:ZrO2, it was argued that the ferroelec-
tric phase is orthorhombic with a Pbc21 space group. The
phase is formeddueto inhibitionof thet! mtransformation
bymechanical conf nement. Theoccurrenceof ferroelectric-
ity in Si:HfO2 is remarkable as it represents one of very
few metal oxides which are thermodynamically stable on
silicon,19 potentially enabling a number of device concepts
relying onsilicon/ferroelectric junctions.20 Thehighvalence
band offset of HfO2 to silicon allows low leakage devices,
unlikeothermaterialsasSrTiO3.21
The authors acknowledge S. Teichert for providing
measurements of the silicon content of the samples and A.
Kerschforprovidingcrystal structureillustrations.
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?????????????nMOSFET?????????????????????
??????????(a)????????????????F/S??????????
???????????????????????(??)??????????????
???????????????????????????????????????
????????????????????????????????????????
????? ???????????????????????1???????????
?????????????????
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Fig. 2.8 (a)FeFET???????????(b)????????????????
PV??????ON/OFF??????(3)????????????????
HfO2????FeFET?????????Si-doped HfO2????????????
??NaMLab?Bosc´ke?????????????????[23]?????FeFET??
??????????1/7 ????????????????28nm?????????
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????????????????[24]?HfO2????FeFET???????????
NAND Flush???????3??????????????????????????
???????????????????????????????????????
?????????Junction Less FET?????????????????[25]?
2.2.3 ?????????????(Ferroelectric Tunnel Junction memory
: FTJ)(1R?)
??????????FTJ??Fig. 2.9?????????2???????????
??????1R(Resistance)??????????????????????????
????????????????????????????????????????
??????????????
V
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??????????????????????????????
lB,i =
√
εikBT
q2n
lF,i =
√
2εiEF
3q2n
, i = 1, 2 (2.2.1)
?????[27]???lB,i?lF,i??????????????????????????
????????????????????εi?M1,M2????????kB?????
????T??????q??????n??????EF???????????????
???????????????????????????????????????
?????????????????
∆Φi =
liQs
ε0εi
q (2.2.2)
????????????????Qs????????????????Qs?
Qs =
Pd
εstat
(
l1
ε1
+
l2
ε2
)
+ d
(2.2.3)
???????????P?????d????????εstat????????????
??????????????????????????
ΦB,i = Φi ±∆Φi (2.2.4)
??????????????????????????????????????(?
????)?
Edepol = −P −Qs
ε0εstat
(2.2.5)
???????????????????????????????????????
???? (2.2.2)???????li/εi???????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????????????????????????(Direct Tunnel Cuurent :DT
??)?FN??????(Fowler-Nordheim Tunnel Current :FNT??)???????
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????(Schottky effect current ?SE??)???????FNT????SE?????
???????????????????????????????????????
???????????????????????????????????????
FTJ?????????????????DT???????????????????
???????????FTJ?????????????????Pantel??????
??????[27]?
???????????
JDT =C
exp
α

(
ΦB,2 −
qV
2
)3/2
−
(
ΦB,1 +
qV
2
)3/2

α2
[√
ΦB,2 −
qV
2
−
√
ΦB,1 +
qV
2
]2
× sinh
3qV
2
α

√
ΦB,2 −
qV
2
−
√
ΦB,1 +
qV
2

 (2.2.6)
???????
? (2.2.6)????C = −4qmox/9pi2ℏ3?α = 4d
√
2mox/3ℏ(ΦB,1qV − φB,2)????
????ℏ?????????mox??????????????????? (2.2.6)??
?????????????????ΦB,i??d??????DT??????????
???????????????????????????????????????
???????????(Tunnel ElectroResistance ratio : TER?)?????????
TER??
TER ≡ J(ON)− J(OFF )
J(OFF )
(2.2.7)
??????FTJ???????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????
FTJ????1971??????????????[28]????2009??Garcia????
????????????????????[29]??????????????????
???????????????????????????????????????
?????????????????HfO2????FTJ??????????[30]??
?????????????FTJ?????????
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2.3 ?????????
???????????????????SiO2?HfO2?Al2O3??????2000??
??????????[31]????????????????????????????
???????????????????????????????????????
?????[3][32]?
2.3.1 ?????????
?????????????DT??????????2.1??????????SE?
???FNT???????????????????Fig. 2.10???????????
5????????????
ー
Φ𝐵,1
Shottcky Effect
ー
Fowler-Nordheim
Tunnel Current
ー
Direct Tunnel Current
Fig. 2.10 ????????????????????
SE?????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????????SE
????????????????
JSE = A
∗T 2 exp
 − q
(
ΦB,1 −
√
qE/4piεrε0
)
kT

A∗ =
4piqk2m∗
h3
=
120m∗
m0
(2.3.1)
????A∗?????????????m0???????????m∗???????
????????εr??????(????????)?h???????????εr??
????????????????????????????????????????
??????????J/T 2???E1/2??????????????????????
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?????SE????????????????
FNT????????????????????????????????????
???????????????????????????
JFNT =
q3E2
8pihqΦB
exp
[
− 8pi (2qm∗T )1/2
3hE
Φ
3/2
B
]
(2.3.2)
? (2.3.2)???????????????????????????????DT???
???????????????????????????????????????
?????????????????????? (2.3.2)???FNT???ln(J/E2)??
??1/E?????????????????????????FNT????????
???????????????
2.3.2 ?????????
??????????????Poole-Frenkel Emission(?PF??)?????????
??????Fig. 2.11????
ー
𝚽𝑩,𝟏
Poole Frenkel  
Emission
ー
ー
Trap Assisted
Tunnel current
Trap 
depth
M1
M2
Dielectric
(ferrolectric)
Fig. 2.11 ????????????????
PF???SE?????????????????????????????????
???????????????????????????????????????
??
JPF ∼ qµNCE exp
 − q
(
ΦT −
√
qE/piεrε0
)
kT
 (2.3.3)
????????????µ????????????NC??????????ΦT??
???????????????????????????????????????
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???????????????????????????????????????
????
PIn ∼ exp
(
−2s
√
2m∗ΦT
ℏ
)
(2.3.4)
s???????????m∗???????????????????????????
???????????????????(? (2.3.3)????????????????
??????????????????????PF????????PF???????
?????(ln(J/E) VS 1000/T )???????????????PF????????
?????????????????????????????????ΦT??εr??
???????SE??????????????????????
24
?3?
????
3.1 ??????
FTJ?2???????????????????????????MFM(Metal-
Ferroelectric-Metal)??????????????????????????????
????????????????????????????p−-Si???????
SPM?10?????(???????????????SC1??BHF??????)??
?ULVAC ??RF???????????????????????????TiN?30
nm????????Atomic Layer Deposition(ALD)??????????10nm???
??N2????200◦C?????????HfO2?Tetrakis-(dimethylamido)-hafnium?
ZrO2?Tetrakis-(dimethylamido)-zirconium??????????????????
H2O??????????????????????????ZrO2????????
30%????50%???????????????????????????????
??????????????RF????????TiN????????30 nm???
???
??????????????????????????????????????
HDMS( : examethyldisilazane)??????????????????6000rpm60??
?????????????????AZ1500 20cp????????????????
??Pre bake?100◦C?10???????????????????????????
???TMAH( : Tetramethylammonium hydroxide)?????????Post bake?
140◦C?10?????H2O2?60?62◦C?????????90????????????
????AZ remover 100?85◦C?????????????????
??????????????????HfO2?????????????????
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Post bake????120◦C????10???????BHF??8???????????
??????????????????RTA?N2????500◦C?30?????MFM
?????????????
2
P- -Si substrate 
Cleaning (SC1 BHF SPM BHF)
TiN sputtering by RF (30 nm target)
ALD dierectric layer depo.  (10 nm 
target)
200C Zr = 30% or 50%  
TiN sputtering by RF (30 nm target) 
Top Electrode(TE) Litho.
TE removal by H2O2 61±2 ℃
Bottom contact Litho.
HｆZrO2 removal by BHF
Rapid Thermal Annealing (RTA)500 ℃ 30 s 
Si sub.
HfZrO2
Process flow
TiN
TiN
Schematic Device 
stack 
Fig. 3.1 (?)??????????(?)?????????????
3.2 ????????
????????FCE-?/J?????????????????????????-?
????????????????????????????????????????
???????????????????????????????????????
???????-?????????????????????????????????
???????????????????????????????????Fig. 3.1?
???????????????????????????????????????
?????I = CdV/dt?????????????????????????????
????????????????????????????????????????
??????
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2Pr = 35µC/cm
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?????300 K???????????????????????????????
????????????????300 K?2???????????????????
???????????????????????????????????????
?????????????????????????????????????-??
????????????????????????????????????????
?????????[19]?????????????????????????????
?????
3.3 ????????
??????????????????????????????????????
???????????Agilent Technologies?B1500A??????????????
???????????????????????????????????????
????????Fig. 3.4????
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???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????
????????????????????????????±0.5V????????
????????????1?????????????????MFM???????
?????????????????????????????????ALD?HfO2?
??????200◦C?????????????????????????TiOx???
?????????????[34]?????????????????????????
?????TiO?Ny?????????????????????????????
??Fig. 3.4(b)???????????????????????????????
???????????????????????????????PF???????
???????????????????????????????FNT??????
??????????
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?4?
?TER?????????????
??FTJ???
4.1 ??
FTJ?2????????????????2??????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
??????? RHEED( : Reflection High Energy Electron Diffraction)??????
????????????????nm?????????????????[35, 36]??
????TER=100?1000??????TER???????????????????
?HfO2?????????????????????????????????HfO2
????FTJ??TER=2?10?????????????????????????
???[30, 37, 38, 39, 40]??????????????????????????FTJ
????????????????????????????????????????
?TER???????????????????????????
4.2 ???????????????
FTJ??????????2??????????????????????????
??????????????????????FTJ???????????
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????FTJ???????????IV???[26]?????
??TER?????????????????????????(Fig. 4.1)?????
????????TiN?????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
TER?????????????????????????????????????
???????????????????????????TER?????????
???????????????????n???????????????????
?????????????????????????Wen?????[41]??????
???????????????????????????FTJ???????????
????????????????????????????TER?????????
???????????????????n????????????????????
????????????/??????????????????????MFM??
???????TER????????????MFS???FTJ??????TER???
???????????????
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Fig. 4.2 Pr???Tfe?????????????HfO2?FTJ?????????
?????????????Edepol??????????? ????????HfO2
?????Ec = 1 MV/cm???????[26]?????
??????????MFS????????????Pr???????TFE????
?????TER?????????Fig. 4.2????????Pr??TFE???????
?TER????????????????(Edepol)????????(Ec)??????
??????????????????????????????????FTJ???
???????????????????????????HfO2??????????
MV/cm?????(Fig. 4.2)??????????????????????????
?????????
????????????????????????????????Pr?3?
5 µC/cm2???TFE?3?5 nm????????????????????????
FTJ????????
4.3 ????????????
??????????????????????????????????????
?????FTJ?????????????
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4.3.1 MFM????MFS?????
4.2???????????????MFM???MFS??????????????
????????????????????????????10 nm???????MFS
??????????p???????????????????3?????????
???????MFS?????TiN???????????????????????
???PV???????????Fig. 4.3?????
??????????PV???????????100???????wake up???
???????????3????????????????????????????
??????????????1???2?????????????????????
??????????????2?????????????????????????
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Fig. 4.3 MFM????MFS????????(a)?????PV???(b)???
??????(b)?????log????????????????????????
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MFS???????????????????????/???????A˚??nm??
?Dead Layer(DL)???????????????????????????????
?????
??Fig. 4.3?a??????????MFM??????2Pr = 26 µC/cm2????
??????MFS????2Pr = 20 µC/cm2??????Pr????????????
?DL?????????????????????????????????????
MFS?????????????????????????????????????
???????????p+-Si???????????????????????TiN?
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??????????????????????????????????
Ebuild−in =
1
tq
(WFTE −WFBE) (4.3.1)
??????[42]?WFTE?WFBE???????????????????t, q???
?????????????????????TiN/HfZrO2/p+-Si??????Ebuild−in
???????????????????????????????????4.3.2??
????????????HfZrO2?ALD???????F/S????????????
????????????????????????????????????????
???????????????????[43]?
????????FTJ????????????????????????????
????????????????????/???????????????????
????????????????????????????????????????
??????????????????????
????Fig. 4.3?b??????MFS???MFM????????????????
???????????????????????????????????????
???????????????????????4.2.1??????????????
?????????????????????????????????p+-Si????
???????????????????p+-Si??????????????????
?????????????????????
??????????????????????????FTJ??????????
???????????????????????????????????????
?????????????????????????OFF????????ON???
???????????????????MFM????MFS????????????
???????????????????????????????????????
???MFS????????????????
4.3.2 ????????????
MFS???????p+-Si?n+-Si????????????????????????
n+-Si????????????????????????4.3.1???????????
???????????????????????????FTJ???????????
???????????????????????????????????????
????????????????????????
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?????????????????????HF????p+-Si?n+-Si(E-prize?)
????????????8 nm?30%ZrO2??????HfO2??ALD???????
500◦C?PDA(: Post Deposition Annealing)????TiN?????????????
????????????????????????????????????????
PV??????????????????????Fig. 4.4???????PDA???
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Fig. 4.4 MFM????MFS????????(a)?????PV???(b)???
??????(b)?????log????????????????????????
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????????????????????????????????????????
??????????Fig. 4.4(a)?????Pr??????????????????
????????????????????????????????p+-Si????0.5
V???????????????? ?????????????????4.3.1???
??????????p+-Si?HfO2????Hf??High-k??????????(oxigen
vacancy : Vo)?????????????????????????[43, 44].Fig. 4.5
?????????????????????????HfO2????Poly-Si?????
??????????????HfO2???????????????????????
???????????????????????????(flat band voltage : Vfb)?
??????????????????
??????????HfO2??Vo?poly-Si??????????????????
????HfO2??????poly-Si????????????2?????HfO2????
?????????????poly-Si??????????????????poly-Si??
????????????????????????n+-poly-Si??????????
????????????????????????????????????????
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(d)(c)
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Fig. 4.5 poly-Si????????????????????????????HfO2
??Vo???????a?HfO2??O????????????????poly-Si??
???b?HfO2?????2????????c?????poly-Si??????????
?d????????????????????????([44]????)
??poly-Si?????????????p+-poly-Si?????????Vo????1.5
eV???????????????????????????????????????
?????poly-Si??????????????????????????p+-poly-Si
?Vfb?????n+-poly-Si?Vfb??0.2 eV???????????????????
????????????????
???p+-Si?????????????????????????????????
??????????0.5 V????????????????????????????
Fig. 4.4(b)?????????????????????????????????
??????????????Vfb????????????????????????
?????????????p+-Si???????????????????n+-Si??
?????????????????p+-Si????????????????????
????????????????????????????????????
??????????????????????????????????????
???????????????p+-Si??????????????????????
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???????????????????????????????????????
???????????n+-Si?????????????????
4.3.3 ?????????
?TER????????Pr?????????????????????????
HfO2??????????????PMA?PDA???????????????
???[7, 8]???M/S?????????MOSFET????????Forming Gas
Annealing (FGA)??????????????MFM??????????????
??????????????????????????????[45]?MFS????
??????????????????????????MFS???????????
????????????????????????????500◦C?????????
???????FTJ??????????????????????????????
???????????500???????????????????????????
?????????????????????????????Table 4.1??????
????????FGA?????????????????????????????
??2???????????????????????30?400◦C?????
Table. 4.1 ?????????????
?????? PMA or PDA w/ or w/o FGA
A PMA w/o FGA
B PDA w/o FGA
C PMA w/ FGA
??????????????????????????Fig. 4.6????Fig. 4.6(a)
?????FGA???????????????????????????????
???????????????????PV????100?????????????
?????FGA???????????????????????????2?????
??????????????????????????????PMA???????
??PDA?????Pr???????????????????????????8 ?
10 nm??????????Pr?????????????????????????
[14, 15]?FTJ????????(3?5 nm)??PDA????Pr?3?5 µC/cm2????
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?????????????????Table 4.2?????????????????
????A????ALD????Zr??????????????????Zr???50
%????HfZrO2?Pr????????????[9]?ALD????????????
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Table. 4.2 ???????????
?????? ALD?? Zr??
A 200◦C 30 %
B 200◦C 50 %
C 250◦C 30 %
D 250◦C 50 %
4.3.5 ????????????
????????????????????????????????????4.3.1?
4.3.2?????????????????????????Ebuild−in????????
???????????????????????????????????? (4.3.1)
?????????????????????n+-Si????????????????
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⚫ Substrate: N+ Silicon (Nd>1e19cm-3)
⚫ RCA cleaning w/ HF last
⚫ ALD HfO2 deposition w/ 50% Zr doping
⚫ TiN by RF 
sputter
⚫ PMA in N2
at 500oC
⚫ Backside contact process
⚫ PDA in N2 at 
500oC
⚫ TiN by RF 
sputter
⚫ TiN strip 
by H2O2
⚫ Al by EB 
evaporation
⚫Al by EB 
evaporation
⚫ Top electrode patterning by litho. and etch.
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sputter
⚫ PMA in N2 at 
500oC
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4.3.6 ??????
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⚫ Substrate: N+ Silicon (Nd>1e19cm-3)
⚫ RCA cleaning w/ HF last
⚫ ALD HfO2 deposition w/
50% Zr doping
⚫ Backside contact process
⚫ TiN strip by H2O2
⚫ Al deposition by EB
evaporation
⚫ Top electrode patterning by
litho. and etch.
⚫ TiN by RF sputter
⚫ PMA in N2 at 500oC
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4.5 ?????????
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⚫ Substrate: N+ Silicon (Nd>1e19cm
-3)
⚫ RCA cleaning w/ HF last
⚫ ALD Zr 100 % doping (target 10 nm)
⚫ TiN by RF sputter
⚫ Backside contact process
⚫ PMA in N2 at 500
oC Si sub.
TiN
HfZrO2ZrO2
基準プロセス
⚫ Top electrode patterning by litho. and etch.
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